Compartmentalization of cellular signaling events through the assembly of multiprotein signaling complexes allows efficient and localized biochemistry and is an emerging theme in signal transduction. As an illustration, consider the example of photoreceptor neurons in the Drosophila compound eye that transduce photon flux into a graded electrical response [1] . Much like neurons of the central nervous system that integrate quantal synaptic potentials over the plasma membrane, these photoreceptor cells generate stochastic electrical responses to the absorption of single photons. These 'quantum bumps' are temporally and spatially summed to generate the macroscopic response to light. The quantum bump is a remarkable process characterized by the rapid activation and deactivation of several tens to hundreds of cation channels within approximately 20 milliseconds of the activation of a single receptor. The reliability and speed of this fundamental response highlights the high efficiency and rapid kinetics of the underlying signaling machinery in coupling receptor activation to electrical activity.
What is the molecular basis for such efficiency and speed, and to what extent are similar strategies used in other Gprotein signaling mechanisms? Recent evidence from several laboratories [2] [3] [4] shows that a Drosophila photoreceptor-specific protein termed InaD is the essential structural scaffold that organizes a set of excitatory and regulatory visual transduction proteins into a single signaling complex (Figure 1 ). Signal transduction in Drosophila photoreceptors involves several key steps: the absorption of a photon by the G-protein-coupled receptor rhodopsin; the activation by rhodopsin of a member of the G q class of heterotrimeric G protein; and subsequent activation of a phospholipase C β (PLCβ). Activation of PLCβ ultimately triggers the opening of cation channels, resulting in depolarization of the photoreceptor cell. The predominant divalent-cation permeability of the Trp class of lightactivated channels leads to a rapid influx of Ca 2+ upon photoexcitation, which is the major signal for feedback regulation of the signaling process [5] [6] [7] . An isoform of protein kinase C that is specifically expressed in the Drosophila compound eye -eye-PKC -acts as the primary mediator of Ca 2+ -dependent negative feedback regulation [5, 8] , but substrates for this PKC isoform are as yet unknown. The above signaling proteins and other putative transduction proteins in Drosophila have been identified through powerful classical and reverse-genetic approaches. The inaD gene was isolated using both types of approach, and was originally characterized as a mutant displaying abnormal electrical responses in the retina [9] . Subsequent molecular analyses showed that the inaD gene product consists of five homologous domains that are each members of a recently identified, highly conserved family of novel protein-interaction modules known as PDZ domains [4, 10] .
The PDZ domain was first recognized as a novel structural motif in the post-synaptic density protein PSD-95, the Drosophila Discs-Large septate junction protein and the epithelial tight-junction protein ZO-1. This motif is implicated in the correct localization and clustering of membrane receptors and ion-channel subunits through binding to their carboxy-terminal three residues [11] [12] [13] [14] . Sequence analysis of proteins that interact with the PDZ motif [13, 14] and random-peptide screens [15] uncovered a consensus sequence of Ser/Thr-X-Val-COO -for the PDZ-domain binding-site (where X represents any amino acid, and Val can be substituted with other hydrophobic residues). To date, more than one hundred PDZ-domain sequences have been identified, and evolutionary analysis shows that this motif is preserved in all eukaryotes. A crystallographic structure of one PDZ domain in a complex with a peptide containing the consensus PDZ-binding sequence shows that the PDZ fold approximates a sixstranded β sandwich, with the substrate-binding pocket formed by a surface groove between a helical segment and one β strand [16, 17] . The PDZ domain interacts with peptide substrate through summed energetic contributions from a terminal carboxylate-binding motif and a set of specific interactions with the serine or threonine residue and the terminal hydrophobic residue.
Evidence for the InaD-driven formation of a multiprotein complex began with the work of Shieh and Zhu [18] , who showed using gel-overlay assays and immunoprecipitation with anti-InaD antibodies that the Trp Ca 2+ channel associates with InaD. This interaction was abolished by a point mutation converting a methionine residue to a lysine (M422K) in what is now recognized as the third PDZ domain. Subsequent work by Huber et al. [2] in a related fly, Calliphora, showed that InaD binds both PLCβ and eye-PKC in addition to Trp. Importantly, this work established that these components bound independently to InaD and that the stoichiometry of each interaction was 1:1. A role for InaD in the subcellular localization of signaling components in vivo was initially demonstrated by Chevesich et al. [3] who showed that the M422K mutation leads to the mislocalization of the Trp protein in the photoreceptor cell.
Recent work by Tsunoda et al. [4] conclusively demonstrates the existence of an InaD-organized signaling complex in vivo, and establishes the requirement for this multiprotein complex for photoreceptor function. In addition to reporting two new alleles of InaD, this work reveals [4] . This is a reasonable finding, given that rhodopsin is the major protein of the photoreceptor membrane and is practically omnipresent, essentially removing any requirement for localization. In less specialized cells, receptors make up only a tiny fraction of the plasma-membrane protein and docking the receptor in a multi-PDZ scaffold makes sense. The recent characterization of other exclusively multi-PDZ proteins, such as the seven PDZ-domain synaptic protein GRIP (glutamate-receptor-interacting protein) [19] , a novel nine PDZ-domain protein from Caenorhabditis elegans [20] , and a putative human homolog of InaD [21] should widen the scope of PDZ-mediated assembly of signaling complexes.
For the majority of cells that do not have the specialized morphology of photoreceptors (Figure 1 ), the spatial organization offered by multi-PDZ proteins provides significant advantages of efficiency, selectivity and speed. Efficiency comes from the concentration of signaling components. Small second messengers are freely diffusible, and diffusion causes their concentration to fall exponentially with distance. By bringing sequential signaling proteins close together, a multi-PDZ scaffold can decrease the absolute amount of an enzyme or channel that is required to generate a detectable signal, thus allowing the cell to synthesize relatively fewer molecules of each protein on the signaling pathway from receptor to effector. Such enhancement of efficiency is particularly valuable in a system such as G q -regulated PLC, which involves three second messengers -Ca 2+ , diacylglycerol and inositol trisphosphate. Enhancement of selectivity is also generated by localization. Although G-protein-coupled receptors display selectivity among Gα subunits that is obvious from studies in vitro and from transfection experiments, natural signaling pathways usually display far greater specificity, and this is probably due to appropriate scaffolding of the signaling complexes.
Acceleration of signaling might be the most important contribution of a multi-PDZ scaffold in most cells, in which receptors, G proteins and effectors might all be rare proteins. Alexander Levitzki and co-workers [22, 23] first argued that, in the case of the G s -coupled adenylyl cyclase pathway, the physical interaction -'collision' -of receptor and G protein can be rate-limiting for activation when the two proteins are not permanently bound to each other. Collisional coupling is relatively slow given typical physiological concentrations of signaling proteins, frequently displaying delays of minutes before the system is completely activated. Although such delays are observed in some slow signaling pathways such as those studied by Levitzki, these delays do not generally occur in normal signaling events. By holding receptor, G protein and effector nearby in the plasma membrane, a multi-PDZ scaffold can overcome diffusional limitations to allow the rapid onset of signaling.
In the case of G q -mediated signaling, pre-coupling of receptor to G protein may be particularly important for increasing signaling speed. G q -mediated pathways are usually quite fast in vivo, with sub-second activation, but recent data show that G q -coupled receptors reconstituted into artificial membranes do not bind the G q α subunit until receptor is activated [24] . In the absence of their colocalization, the association rate would be limited by diffusion as was found to be the case with the G s -coupled receptors studied by Levitzki [22, 23] .
What evidence exists for receptor-PDZ domain interaction? To date, only one PDZ-containing protein, Homer, has been shown to bind a G-protein-coupled receptor (two isoforms of the metabotropic glutamate receptor) [25] . Homer contains only a single PDZ domain, however, and is therefore not a functional analog of InaD, but might play a different, specialized modulating role in neurons, as suggested by the transcriptional regulation of the homer gene. The same approaches that discovered Homer might nevertheless lead to the discovery of more complex scaffolds that organize multiprotein signaling complexes.
InaD itself might play a unique role in photoreceptor signal transduction by mediating Ca 2+ -dependent feedback regulation (Figure 1 ). By assembling a Ca 2+ -sensitive regulatory kinase (eye-PKC) with its potential substrate (PLCβ) at the membrane near to the Ca 2+ -influx site (Trp), InaD could allow highly compartmentalized regulation. Speed and specificity comes from forcing feedback regulation to respond to the rapid, large-amplitude Ca 2+ transient that is expected near the intracellular pore region of the Trp channel. Consistent with this hypothesis, negative-feedback regulation in Drosophila photoreceptors has been shown to require Ca 2+ transients in the tens to hundreds of micromolar range [26] .
Significant questions remain unanswered about InaD biology. First, what proteins interact with the as yet orphan first and second PDZ domains? The photoreceptor-specific G q isoform does not bind InaD [18] , which is reasonable given the abundance of rhodopsin in the photoreceptor membrane and the anchorage of the PLCβ molecule. Good alternative candidates are enzymes that act earlier in the phosphatidylinositol signaling pathway: phosphatidylinositol 4-kinase (the first committed enzyme); phosphatidylinositol-4-phosphate 5-kinase, which creates the phosphatidylinositol bisphosphate substrate of the PLC; or RdgB, which contains a phosphatidylinositol transfer domain. Other good candidates are the cytoskeletal proteins that might anchor the InaD complex at the plasma membrane: indeed, many PDZdomain-containing proteins are known to interact with cytoskeletal elements [12, 20] . Second, is binding to InaD regulated? Given the rate enhancement in signaling demonstrated by formation of the multiprotein complex, regulation of binding to the PDZ domain could be an attractive mechanism for controlling signaling efficiency. Finally, what is the tertiary structure of InaD, and to what extent does this structure contribute to arranging the multiprotein complex for optimal activity? The answers to these questions await further structural and functional studies of InaD. Given the apparent ubiquity of the PDZ domain throughout evolution, InaD-like molecules might represent a general mechanism for microcompartmentalization of intracellular signaling systems.
